Introduction
============

Ferritin is an iron-storage protein which widely exists in animals and plants. In vertebrates, its cytosolic form consists of two different subunits, termed H (21 kDa) and L (19 kDa). Twenty-four ferritin subunits assemble to form the apoferritin (450 kDa). The ferritin content in human serum often increases in the patients with inflammation and malignant tumor. Therefore, its serum level has been noticed as the signal which shows the pathology of those diseases, and especially as a tumor marker.^[@b1-82_181]^ It is also known that ferritin in the malignant tumor tissue shows more acidic property.^[@b2-82_181]^ Lee & Richter^[@b3-82_181]^ supposed that the acidic isoferritin differs from the normal ferritin in amino acid composition. The isoferritin was also found to exist in the normal fetal tissue, and named carcinofetal isoferritin by Alpert *et al.*^[@b4-82_181]^ In addition, Makino & Konno,^[@b5-82_181]^ and Marcus & Zinberg^[@b6-82_181]^ reported that such isoferritin is also found in mammary cancer and pancreas cancer tissues. Urushizaki *et al.* have made the liver cancer in the rat, and pointed out the difference between normal and cancer liver ferritins.^[@b7-82_181]^ Drysdale also detected the acidic isoferritin in cultured HeLa cells.^[@b8-82_181]^ However, Arosio *et al.* showed that the isoferritin is detected in the heart, kidney, and pancreas of the normal adult.^[@b9-82_181]^ The earlier proposal for the difference in amino acid composition between normal and neoplastic ferritins was denied by the molecular biological technique.^[@b10-82_181],[@b11-82_181]^ Our earlier observation suggested that the neoplastic isoferritin prepared from human hepatoma tissue shows more acidic property in electrophoresis and contains less amounts of iron. We suspected that there might be the difference in post-translational modification between the normal and the neoplastic ferritins. First, we examined the phosphate content, but could observe no decisive difference between them.^[@b12-82_181]^ Then, we analyzed glycosylation, and found that there is a difference in the sialic acid content.^[@b13-82_181],[@b14-82_181]^ Considering the previous report that the Hanganutziu-Deicher antigen known as a heterophil antigen^[@b15-82_181],[@b16-82_181]^ are also found in tumor and the antibodies against the antigen recognize N-glycolylneuramic acid (NeuGc),^[@b17-82_181]^ we focused on the qualitative difference in sialylation in this study. To begin with, we performed the Western blot analysis of ferritin purified from normal human liver (HLF), that from the hepatoma tissue (HpF), and that from K562 cells (K562F), using chicken monoclonal antibody (mAb) Hu/Ch2-7^[@b18-82_181]^ recognizing NeuGc. Then, we histochemically analyzed the expression of NeuGc in the hepatoma tissue and K562 cells. In addition, biochemical approaches such as HPLC and mass spectrometry of sialic acids were introduced to detect NeuGc more clearly. Taking it in consideration that NeuGc might be expressed in human cells and tissues which lack CMP-NeuAc oxygenase by utilizing the exogenously incorporated NeuGc, we carefully examined if NeuGc is expressed by K562 cells cultured in the serum-free media.

Materials and Method
====================

Western blot analysis
---------------------

Ferritin was purified from liver and K562 cells according to the procedures of Marcus & Zinberg^[@b6-82_181]^ and Drysdale.^[@b8-82_181]^ To check the purity, the ferritin preparations were subjected to polyacrylamide gel electrophoresis (PAGE) by the method of Cleveland & Laemmli^[@b19-82_181]^ and were detected by silver staining. The protein content was measured by the Lowry's method. Each ferritin sample was resolved into the H and L subunits by SDS-PAGE using 15.4% gel. according to the method of Drysdale^[@b20-82_181]^ and transferred to PVDF membranes after SDS-PAGE using 15.4% gel. The membranes were stained with CBB or immunologically with the ECL plus Western blot detection system (Amarsham Co.). The mAb HU/Ch2-7^[@b18-82_181]^ was used as the first antibody to detect NeuGc. The peroxidase (POD)-labeled goat anti-chicken IgG antibody was used as the secondary antibody.

Cytochemical staining of tissues
--------------------------------

The slide sample was made using cytospin with the K562 culture cells and the hepatoma tissue. The blocking of endogenous peroxidase was carried out as follows: After the 5 minutes steep in methanol containing 0.3% H~2~O~2~, the slides were washed three times with PBS containing Tween 20. And then the slides were blocked with 2% chicken albumin in PBS for 30 minute at room temperature, and immunologically stained using the mAb HU/Ch2-7, the POD-labelled goat anti-chicken IgG antibody above mentioned, and 3,3′-diaminobenzidine (DAB) as a developing dye.

HPLC analysis of sialic acids
-----------------------------

The ferritin samples were heated in 25 mM H~2~SO~4~ solution at 80 °C for 1 hour, and then stand on ice for 1 hour. The acid hydrolysates were labeled using a fluorescent labeling kit (DMB labeling kit, TAKARA) according to the manufacturer's direction. The labeled samples were centrifuged at 3,000 rpm for 10 minutes, and the aliquots were analyzed by HPLC. K562 cells (5 × 10^5^) cultured in RPMI 1640 containing 10% fetal calf serum (FCS) were washed with PBS, and then cultured in the serum-free media, ASF104 (Ajinomoto Co.) or ASF104N (Ajinomoto Co.). The cells were transferred to new culture flasks and cultured in the serum-free media. The culture in the new serum-free media was repeated three times. The washed cell pack was acid hydrolyzed and labeled as described above. HPLC of the labeled sialic acids was performed using a column (4.6 × 250 mm) of TSK-ODS80T (TOSOH). Elution was done with a mixture of methanol, acetonitrile, and water, 7/9/84(V/V/V), and at a flow rate of 0.8 ml/min. The fluorescence (exitation at 373 nm, emission at 448 nm) was monitored using a fluoromonitor (FS8000, TOSOH).

Mass spectrometry of sialic acid
--------------------------------

2, 5-Dihydroxybenzoic acid (DHB, Sigma) was dissolved at a concentration of 10 mg/ml in a mixture of acetonitrile and water (70:30 V/V) and used as a matrix solution for mass spectrometry. Two ml each of the sample solution and the matrix solution were mixed, spotted on the sample plate, and solidified in a decicator. One µl of ethanol was added on the spot, and the sample/matrix was recrystallized. The Tof spec2E (Micro Mass), a matrix assisted laser ionization time flight (MALDI-TOF) type mass spectrometer, was used for the sample measurement. Ionization was done at 20 kV with 337 nm pulse lazer, and positive and negative ions in the range of 0--600 m/z were measured in the refrectron mode.

Results
=======

Western blot analysis of purified ferritin and enzyme-immunostaining of tissues
-------------------------------------------------------------------------------

Ferritins were purified from normal liver and hepatocarcinoma liver, and were analyzed by the Western blot method. The result was shown in [Fig. 1](#f1-82_181){ref-type="fig"}. The immunostaining image obtained using the mAb Hu/Ch2-7 recognizing NeuGc showed that the subunits of ferritin from K562 cells (lane 6) and HpF (lane 7) were clearly stained. On the other hand, the normal liver tissue ferritin was not stained (lane 8). Next, enzyme-immunostaining of hepatocarcinoma tissue ([Fig. 2](#f2-82_181){ref-type="fig"}) and K562 cells ([Fig. 3](#f3-82_181){ref-type="fig"}) was performed. The images showed positive staining of cytoplasma. On the other hand, the normal liver was not stained (data not shown). These results indicate that NeuGc exists in malignant tumor cells and tissue but not in the normal tissue.

![The Western blot analysis of purified ferritin. Lanes 2 and 6 are ferritins from K562 cells, lanes 3 and 7 are those from hepatocarcinoma, and lanes 4 and 8 are those from normal liver, respectively. Lanes 1 and 5 are molecular weight marker proteins. Lanes 1 to 4 were stained using CB, and lanes 5 to 8 were immunostained with Hu/Ch2-7 anti GM3 chicken antibody recognizing NeuGc.](82_181f1){#f1-82_181}

![Enzyme-immunostaining of hepatocellular carcinoma with Hu/Ch2-7 antiserum.](82_181f2){#f2-82_181}

![Enzyme-immunostaining of K562 cells cultured in ASF104 (TAKARA Co. Not containing serum) with Hu/Ch2-7 antiserum.](82_181f3){#f3-82_181}

Analysis of sialic acids of ferritin by HPLC and MALDI-TOF/MS
-------------------------------------------------------------

Sialic acids were released from ferritins, derivatized by the DMB labeling method, and analyzed by HPLC (data not shown). Two peaks corresponding to standard derivatives of NeuAc and NeuGc were detected from HpF, while only the peak corresponding to NeuAc was detected from HLF. Both peaks were also detected from ferritin (K562F) of K562 cells cultured in RPMI1640 containing 10% FCS. To confirm the results, MALDI-TOF/MS analysis was performed. As shown in [Fig. 4A](#f4-82_181){ref-type="fig"}, the mass spectrum of the DMB derivatives of sialic acids from HpF indicated the presence of the ions at m/z of 425.05 and 441.05 corresponding to the \[M+H\]^+^ values of the NeuAc and NeuGc derivatives. On the other hand, the ion at m/z of 425.72, the \[M+H\]^+^ value of NeuAc derivative, was detected from HLF ([Fig. 4B](#f4-82_181){ref-type="fig"}). Thus, the data indicate that HpF expresses both NeuAc and NeuGc, but HLF exclusively expresses NeuAc. The contents of NeuGc and NeuAc included in HLF, HpF and K562F were calculated on their peak areas in the HPLC analysis, and summarized in [Table I](#t1-82_181){ref-type="table"}. NeuGc accounts for approximately 13% of the total sialic acid in HpF, and 21% in K562F. It is of note that HpF contains very larger amounts of sialic acid than HLF.

![MALDI-TOF/MS spectra of DMB derivatives of sialic acids released from hepatocarcinoma ferritin (A) and normal liver ferritin (B).](82_181f4){#f4-82_181}

###### 

Sialic acid contents of ferritins from normal liver, hepatocarcinoma and K562 cells

                             NeuAc   NeuGc
  -------------------------- ------- --------------
  normal liver ferritin      0.26    not detected
  hepatocarcinoma ferritin   19.4    2.83
  ferritin from K562 cells   4.66    1.22

Effect of culture media on the expression of NeuGc in K562 cells
----------------------------------------------------------------

As shown above, ferritin from K562 cultured in RPMI1640 containing 10% FCS was shown to express both NeuAc and NeuGc. Then, we examined if the expression of NeuGc by K562 cells is affected by the culture media. Two serum-free media, ASF104N and ASF104, were used for culture of the cells. First, we tested if the media contain sialic acid. The HPLC analysis of sialic acids derivatized by the DMB method showed no clear peak corresponding to NeuGc-DMB (data not shown). Furthermore, the spectra of MALDI-TOF/MS analysis did not show any ions corresponding to NeuGc-DMB and NeuAc-DMB ([Fig. 5B and C](#f5-82_181){ref-type="fig"}). Then, K562 cells were grown in the serum-free media ASF104N and ASF104, and ferritins were purified from the cells. Ferritin from the cells cultured in ASF104 was then subjected to the analysis by MALDI-TOF/MS. As shown in [Fig. 5A](#f5-82_181){ref-type="fig"}, two ions at m/z 449.06 and m/z 465.06 corresponding to \[M+Na\]^+^ of NeuAc-DMB and NeuGc-DMB were detected. More quantitative data were obtained by HPLC of DMB derivatives. As shown in [Table II](#t2-82_181){ref-type="table"}, the relative contents of NeuGc decreased by serum deprivation, but considerable amounts of NeuGc were still expressed. Thus, the result shows that NeuGc is expressed by K562 cells grown in the media lacking NeuGc.

![MALDI-TOF/MS spectrum of DMB derivatives of sialic acids released from K562 cells cultured in serum-free medium ASF104 (A). The spectra of DMB-derivatives of ASF104 and ASF104N themselves were shown in (B) and (C), respectively.](82_181f5){#f5-82_181}

###### 

Sialic acids in ferritins purified from erythroleukemic K562 cells cultured in serum-containing and serum-free media

  Culture Media                                                     NeuAc   NeuGc
  ----------------------------------------------------------------- ------- -------
  RPMI 1640 plus 10% FCS[^b)^](#tfn2-82_181){ref-type="table-fn"}   82      18
  RPMI 1640 plus 10% FCS[^b)^](#tfn2-82_181){ref-type="table-fn"}   79      21
  ASF104 without FCS                                                87      13
  ASF104N without FCS                                               86      14

The relative amounts of NeuAc and NeuGc were presented by taking the total amounts of sialic acid as 100.

The results obtained in different experiments were given.

Discussion
==========

It has been demonstrated that the total ferritin content increases in the serum of patients with various malignancies. However, it is known that inflammation also causes the increase of serum ferritin. Another cancer-associated change is a shift to acidic ferritins enriched with H subunits. The ratio of H to L subunits in ferritin varies depending on the tissue type and physiological status of the cells. For example, H-subunit is predominant in heart and kidney and L-subunit is in liver. Serum ferritins are composed of two forms; one actively secreted from cells like cancer cells and the other passively released from damaged cells in various tissues. It is difficult to discriminate ferritins produced and secreted by cancer cells from those passively released from damaged cells. It is necessary to approach the problem from a different aspect. In this study, we could show that hepatocarcinoma tissue ferritin contains larger amounts of sialic acids (22 nmole/mg of protein) as compared with normal liver tissue ferritin (0.26 nmole/mg protein). The sialic acid contents of carcinoma and normal ferritin are calculated to be 9.9 mole and 0.12 mole/mole of ferritin (450 kD) on an average, respectively. The present quantitative analysis supports the previous observation that incubation of human liver ferritin with neuraminidase did not change the isoelectric focusing patterns.^[@b21-82_181]^ Interestingly, ferritins from spleen and heart have been shown to be also resistant to neuraminidase.^[@b21-82_181]^ Thus, it is worthy of notice that the status of sialylation is clearly different between normal and cancer ferritins. In addition, we could show the clear difference in sialic acid species between normal and hepatoma ferritins. The Western blot analysis and the chemical analysis based on HPLC and mass spectrometry indicated that hepatocarcinoma tissue ferritin expresses considerable amounts of NeuGc as well as NeuAc, while normal liver ferritin exclusively expresses NeuAc. This difference is of clinically great importance. It will be interesting to analyze sialylation of ferritins from various tissues in physiological and pathological conditions.

A gene encoding CMP-NeuAc hydroxylase that converts CMP-NeuAc to CMP-NeuGc resulting in incorporation of NeuGc to glycans has an exon deletion/frame shift mutation in humans.^[@b22-82_181]^ However, it has been shown that NeuGc is expressed in cancerous tissues of patients with breast cancer,^[@b23-82_181]^ melanoma,^[@b24-82_181]^ and large bowel cancer.^[@b25-82_181]^ In this study, we also presented the existence of NeuGc in human hepatocarcinoma tissue and an erythroleukemic cell line K562. The present consensus is that the expression of NeuGc in human cancer cells is due to uptake of non-human NeuGc from dietary sources and its incorporation into cellular glycoconjugates.^[@b26-82_181]--[@b28-82_181]^ Quite recently, it has been shown that hypoxic culture of human tumor cells induces expression of sialin, a sialic acid transporter which facilitate cellular incorporation of exogenous sialic acid of dietary origin, and results in increased expression of GM2 ganglioside containing NeuGc.^[@b29-82_181]^ It is known that fetal calf serum is a good exogenous source of NeuGc. Therefore, we examined how the expression of NeuGc by K562 cells changes by culturing in the absence of serum. Two serum-free media, ASF104 and ASF104N, were selected, and subjected to the HPLC analysis of sialic acids, resulting in the absence of no clear peaks corresponding to NeuGc-DMB and NeuAc-DMB. Furthermore, the spectra of MALDI-TOF/MS analysis did not show any ions corresponding to NeuGc-DMB and NeuAc-DMB. Furthermore, the spectra of MALDI-TOF/MS analysis did not show any ions corresponding to NeuGc-DMB and NeuAc-DMB ([Fig. 5B](#f5-82_181){ref-type="fig"} and [5C](#f5-82_181){ref-type="fig"}). Then, K562 cells were grown in serum-free media, and cells were harvested after three passages. Both HPLC analysis and MALDI-TOF/MS analysis of sialic acids in ferritins indicated that NeuGc is still expressed in ferritin of K562 cells cultured in the serum-free media. The result is not explained by the uptake and utilization of exogenous NeuGc. However, we do not exclude the idea that expression of NeuGc in cancer tissue *in vivo* is at least partly due to the mechanism like the sialin-mediated incorporation from external milieu. Further study will solve the issue.

NGNA

:   glycolyl neuraminic acid;

NANA

:   acetyl neuraminic acid;

DMB

:   1,2-diamino-4,5-methylenedioxybenzene;

HpF

:   hepatoma ferritin;

HLF

:   human liver ferritin.

[^1]: (Communicated by Tamio Y[amakawa]{.smallcaps}, [m. j. a.]{.smallcaps})
